Mitochondrial aldehyde dehydrogenase-2 (ALDH2) has been shown to benefit myopathic changes following alcohol intake, although the precise mechanism is still unclear. This study was designed to evaluate the role of ALDH2 on chronic alcohol intake-induced myocardial geometric and functional damage with a focus on autophagic signalling. Wild-type friendly virus B (FVB) and transgenic mice overexpressing ALDH2 driven by chicken ␤-actin promoter were fed a 4% alcohol liquid diet for 12 weeks. Cardiac geometry and function were assessed using echocardiographic and IonOptix systems. Western blot analysis was used to evaluate the essential autophagy markers, Akt and AMP-dependent protein kinase (AMPK) as well as their downstream signalling mammalian target of rapamycin (mTOR) and signal transducer and activator of transcription 3 (STAT3). Alcohol intake altered cardiac geometry and function as demonstrated by lessened LV wall and septal thickness, enlarged end systolic and diastolic diameters, decreased fractional shortening and cell shortening, the effects of which were mitigated by ALDH2 transgene. Chronic alcohol intake triggered myocardial autophagy as shown by LC3B II isoform switch, as well as decreased phosphorylation of mTOR, the effects of which were ablated by ALDH2. Chronic alcohol intake suppressed phosphorylation of Akt and AMPK, which was reconciled by ALDH2. Levels of Notch1 and STAT3 phosphorylation were dampened by chronic alcohol intake in FVB but not ALDH2 myocardium. Moreover, the ␥-secretase Notch inhibitor N-[N-(3,5-difluorophenacetyl)-1-alany1]-S-phenyglycine t-butyl ester exacerbated ethanol-induced cardiomyocyte contractile dysfunction, apoptosis and autophagy. In summary, these findings suggested that ALDH2 elicits cardioprotection against chronic alcohol intake-induced cardiac geometric and functional anomalies by inhibition of autophagy possibly via restoring the Akt-mTOR-STAT3-Notch signalling cascade.
Introduction
Chronic alcoholism is a common medical, economical and social problem. Nearly 50% of alcoholics develop a unique form of dilated cardiomyopathy, namely alcoholic cardiomyopathy manifested by ventricular dysfunction, heart failure and ultimately cardiac death [1, 2] . Recent evidence from our group has unveiled a role of mitochondrial aldehyde dehydrogenase (ALDH), ALDH2, in the protection against alcohol-induced cardiac injury [3] [4] [5] . Similarly, ALDH2 was shown to benefit non-alcoholic cardiac myopathies such as ischemic and reperfusion arrhythmic injury [6] [7] [8] . However, the precise nature behind ALDH2-mediated cardioprotection is still elusive. Given that autophagy is an essential regulator in cardiomyocyte survival and death under both physiological and pathophysiological conditions [9] and our recent finding that ALDH2 protects against ischemia-reperfusion injury through regulation of autophagy [8] , this study was designed to examine the role of autophagy and autophagic signalling mechanism in ALDH2-elicited protection against chronic alcohol intake-induced cardiac anomalies. Signalling cascades involved in the regulation of autophagy in particular AMPdependent protein kinase (AMPK) and Akt, two essential protein kinases governing autophagy, myocardial survival and function [8, 10] , were examined in wild-type friendly virus B (FVB) and ALDH2 overexpression transgenic mice. Activation of AMPK may promote whereas activation of Akt is known to suppress autophagy [8] . Meanwhile, the AMPK/Akt downstream target mammalian target of rapamycin (mTOR) plays a pivotal role in cell growth and survival. mTOR is a serine/threonine kinase present as both rapamycin-sensitive (mTOR complex 1) and rapamycin-insensitive multimeric protein complexes [11, 12] . More importantly, mTOR serves as an essential nutrient and energy sensor to regulate protein synthesis and autophagy thus to modulate cell growth and survival [12] . Recent evidence has depicted a role of the signal transducer and activator of transcription 3 (STAT3) as a downstream signal of mTOR governing regulation of autophagy [12, 13] . Further evidence has revealed close interactions between STAT3 and Notch receptors in a number of biological processes including proliferation, differentiation and apoptosis [14] . The biological effects of Notch are believed to be mediated through proteolytic cleavage of Notch to release the Notch intracellular domain, which participates in a transcriptional complex in the nucleus to regulate Notch-dependent gene expression [14] . Notch1 receptor has been speculated to control the cardiac response to injury by limiting cardiomyocyte hypertrophy, enhancing myocyte survival, promoting precursor proliferation and reducing interstitial fibrosis [15] . However, little is known with regard to the role of Notch signalling in the regulation of cardiac geometry and function under either normal or pathological conditions. To this end, the possible role of Notch and its potential cross-talk with STAT3 under alcohol challenge were scrutinized both in vivo following chronic alcohol intake and in vitro following acute ethanol challenge.
Material and Methods

Experimental animals and chronic alcohol intake
All animal procedures were approved by our Institutional Animal Care and Use Committee and were in accordance with the NIH guidelines. The ALDH2 transgenic mouse line was produced using the chicken ␤-actin promoter as described [4] . The non-specific chicken ␤-actin promoter was chosen over the cardiac-specific ␣-myosin heavy chain promoter to drive ALDH2 overexpression largely because cardiac overexpression of ALDH2 is unable to detoxify the alcohol metabolite acetaldehyde delivered to the heart through systemic blood perfusion. Adult male ALDH2 overexpression transgenic mice and FVB wild-type mice (weight-matched) were housed in a temperature-controlled room under a 12 hr/12 hr light/dark with access to tap water ad libitum. FVB and ALDH2 mice were introduced to a nutritionally complete liquid diet (Shake & Pour Bioserv, Inc., Frenchtown, NJ, USA) for a 1 week acclimation period. Upon completion of the acclimation period, half of the FVB and ALDH2 mice were maintained on the regular liquid diet (without ethanol), and the remaining half began a 12 week period of isocaloric 4% (vol/vol) ethanol diet feeding. An isocaloric pair-feeding regimen was employed to eliminate the possibility of nutritional deficits. Control mice were offered the same quantity of diet ethanol-consuming mice drank the previous day [4] .
Echocardiographic assessment
Cardiac geometry and function were evaluated in anesthetized (Avertin 2.5%, 10 l/g body weight, i.p.) mice using 2D guided M-mode echocardiography (Sonos, Duluth, GA, USA, 5500) equipped with a 15-6 MHz linear transducer. Left ventricular anterior and posterior wall dimensions during diastole and systole were recorded from three consecutive cycles in M-mode using methods adopted by the American Society of Echocardiography. Fractional shortening was calculated from LV end diastolic (EDD) [16] and end systolic (ESD) diameters using the equation (EDD -ESD)/EDD [4] .
Cardiomyocyte isolation and in vitro drug treatment
After ketamine/xylazine (3:1, 1.32 mg/kg, i.p.) sedation, hearts were removed and perfused with Krebs-Henseleit Buffer (KHB) buffer containing (in mM): 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 11.1 glucose. Hearts were digested with 223 U/ml Liberase (Roche, Indianapolis, IN, USA, 1988476) for 20 min. Left ventricles were removed and minced before being filtered. Myocyte yield was approximately 75% which was not affected by either ethanol or ALDH2 transgene. Only rod-shaped cardiomyocytes with clear edges were used for mechanical evaluation [4] . To examine the role of Notch signalling on ethanol-induced cardiac response, cardiomyocytes from FVB mice were treated with ethanol (240 mg/dl) at 37ЊC for 4 hrs in the absence or presence of the ␥-secretase Notch inhibitor N-[N-(3,5-difluorophenacetyl)-1-alany1]-S-phenyglycine t-butyl ester (DAPT, 20 M) prior to the mechanical assessment.
Cell shortening and relengthening
Mechanical properties of cardiomyocytes were evaluated utilizing a SoftEdge MyoCam ® system (IonOptix Corporation, Milton, MA, USA) [4] .
Briefly, cardiomyocytes were visualized under an inverted microscope (IX-70; Olympus, Tokyo, Japan) and were stimulated with a voltage frequency of 0.5 Hz. The myocyte being observed was shown on a computer monitor using an IonOptix MyoCam camera. An IonOptix SoftEdge software was utilized to capture cell shortening and relengthening changes. The indices considered were peak shortening amplitude, time-to-peak shortening (TPS), time-to-90% relengthening (TR90), maximal velocity of shortening and relengthening (ϮdL/dt).
Western blot
Ventricular tissues were homogenzied and sonicated in a lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton, 0.1% SDS and 1% protease inhibitor cocktail. Equal amounts (30 g protein) of proteins were separated on 10% or 15% SDS-PAGE in a minigel apparatus (Mini-PROTEAN II; Bio-Rad, Hercules, CA, USA) and were then transferred electrophoretically to nitrocellulose membranes. The membranes were blocked with 5% milk in Tris-buffered saline before overnight incubation at 4ЊC with the anti-Beclin-1 (1:1000), anti-Akt (1:1000), anti-phosphorylated Akt (Ser473, 1:500), anti-AMPK (1:1000), anti-pAMPK (Thr172, 1:500), anti-mTOR (1:1000), anti-pmTOR (Ser2448, 1:1000), anti-LC3B (1:500), anti-STAT3 (1:1000), anti-pSTAT3 (Ser727, 1:500) and anti-Notch1 (1:1000) antibodies. Membranes were incubated for 1 hr with horseradish peroxidase conjugated secondary antibody (1:5000). After immunoblotting, films were scanned and the intensity of immunoblot bands was detected with a Bio-Rad Calibrated Densitometer. Either Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or ␣-tubulin was used as the loading control [4] .
Caspase-3 assay
Caspase-3 is an enzyme activated during induction of apoptosis. Caspase-3 activity was determined according to published method [4] . In brief, myocytes were lysed in 100 l of ice-cold cell lysis buffer {50 mM HEPES, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 1 mM dithiothreitol, 0.1 mM EDTA, 0.1% NP40}. Following cell lysis, 70 l reaction buffer and 20 l caspase-3 colorimetric substrate (Ac-DEVD-p-nitroanilide) were added to cell lysate and incubated for 1 hr at 37ЊC, during which time, caspase enzyme in the sample was allowed to cleave the chromophore pNA from its substrate molecule. Absorbency was detected at 405 nm with caspase-3 activity being proportional to the colour reaction. Caspase-3 activity was expressed as picomoles of p-nitroanilide released per micrograms of protein per minute.
Statistical analysis
Data were expressed as mean Ϯ S.E.M. Statistical significance (P Ͻ 0.05) for each variable was estimated by ANOVA followed by Tukey's test for posthoc analysis.
Results
Echocardiographic properties of FVB and ALDH2 mice fed with alcohol
Chronic alcohol intake led to a significantly increased body weight in FVB (FVB: 28.1 Ϯ 2.9 g; FVB-ethanol: 36.8 Ϯ 3.7 g, n ϭ 8-10 mice, P Ͻ 0.05) but not ALDH2 mice (ALDH2: 28.3 Ϯ 1.5 g; ALDH2-ethanol: 30.9 Ϯ 1.4 g, n ϭ 8-10 mice, P Ͼ 0.05). Heart rate was comparable among all groups. Chronic alcohol intake significantly lessened LV wall thickness and intraventricular septal thickness while enlarging LV EDD and LV ESD, the effects of which were ablated by ALDH2. Furthermore, chronic alcohol intake significantly decreased fractional shortening, which was abrogated by ALDH2 transgene. ALDH2 overexpression itself failed to alter any of the geometric or functional echocardiographic parameters tested (Fig. 1 ). These data suggest that ALDH2 is capable of alleviating chronic alcohol intake-induced myocardial remodelling.
Effect of chronic alcohol intake on cardiomyocyte mechanics in FVB and ALDH2 mice
Our further assessment of cardiomyocyte mechanics revealed that chronic alcohol intake significantly depressed peak shortening and ϮdL/dt as well as prolonged TR90 without affecting TPS. Although ALDH2 itself failed to alter these mechanical indices, it significantly attenuated chronic alcohol intake-induced cardiomyocyte mechanical abnormalities (Fig. 2) .
Effect of ALDH2 on alcohol intake-induced changes in protein markers for autophagy
Recent evidence has indicated a role of autophagy in alcoholinduced tissue damage [17] . Our data revealed that chronic alcohol intake up-regulated the expression of the key autophagic marker LC3B II (absolute or isoform ratio of LC3B II-to-LC3B I) but not Beclin-1, the effect of which was mitigated by ALDH2 (Fig. 3 ). These data suggested a possible role of autophagy in the alcohol intake-induced and ALDH2-elicited cardiac geometric and functional responses. 
Effect of ALDH2 on alcohol intake-induced changes in Akt, AMPK and mTOR signalling
To examine the potential signalling pathways involved in alcohol and/or ALDH2 transgene-elicited cardiac autophagic, geometric and mechanical responses, we examined levels of the key cardiac surviving factor Akt and the cardiac energy fuel AMPK, two pivotal regulators for autophagy [8, 10, 18] . Our results indicated that chronic alcohol intake markedly depressed the phosphorylation of both Akt and AMPK (either absolute or normalized value) without affecting expression of pan Akt and AMPK. Although ALDH2 itself did not affect the expression of pan or phosphorylated Akt and AMPK, it effectively reconciled alcohol intake-induced change in the phosphorylation of Akt and AMPK (Fig. 4) . These findings depicted that ALDH2 is capable of compensating for the alcohol intake-induced change in Akt and AMPK signalling. Phosphorylation of the key autophagy regulatory signalling molecule mTOR displays a reciprocal relationship with the induction of autophagy [19] . Our data indicated that chronic alcohol intake significantly dampened mTOR phosphorylation (absolute or normalized value) in FVB but not ALDH2 mice. ALDH2 itself did not affect the phosphorylation of mTOR. Furthermore, neither alcohol intake nor ALDH2 transgene altered the expression of pan mTOR (Fig. 5 ). These observations are in line with the possible role of autophagy in chronic alcohol intake-induced cardiac geometric and functional responses, as well as the ALDH2 transgeneexerted protection against alcoholic injury.
Role of Notch and STAT3 signalling in alcohol-induced mechanical and autophagic responses
We further examined the potential cell signalling mechanisms involved in alcohol-induced cardiac mechanical and autophagic responses. Data shown in Figure 6 revealed that expression of Notch1 signal and phosphorylated STAT3 (absolute or normalized) were significantly dampened by chronic alcohol intake, the effect of which was reconciled by ALDH2 transgene with little effect by ALDH2 transgene itself. Neither ALDH2 overexpression nor alcohol intake overtly affected STAT3 expression (Fig. 6) . Interestingly, inhibition of Notch1 using DAPT exacerbated ethanol-induced depression in peak shortening and ϮdL/dt as well as prolongation in TR90 without affecting resting cell length and TPS. DAPT did not affect cardiomyocyte mechanics by itself (Fig. 7) . Assessment of apoptosis and autophagy indicated that ethanol treatment facilitated apoptosis and autophagy (either absolute or isoform ratio of LC3B II-to-LC3B I), the effects of which were accentuated by Notch inhibition using DAPT. Last but not least, DAPT failed to alter either apoptosis or autophagy by itself (Fig. 8 ).
Discussion
The salient findings of our study are that ALDH2 overexpression exerts protective effects against chronic alcohol intake-induced cardiac geometric and contractile anomalies likely through inhibition of autophagy. Our data indicated that chronic alcohol intakeinduced change in cardiac mechanical and autophagic responses may be associated with dampened activation of Akt/AMPK and their downstream signal mTOR. ALDH2 appears to offer its protection in the heart by reversing alcohol-induced changes in AMPK, Akt and mTOR, en route to the ablation of alcohol intakeinduced autophagy and contractile dysfunction. The ALDH2-elicited cardiac protection was also accompanied by restoration of alcohol-suppressed STAT3 phosphorylation and Notch1. This is supported by the fact that inhibition of Notch1 using DAPT exacerbates the ethanol-induced changes in contractile function and autophagy induction, denoting a role of Notch signalling in ethanol and/or ALDH2 overexpression-induced cardiac mechanical and autophagic responses. These findings revealed that ALDH2 may be protective against chronic alcohol intake-induced cardiac geometric and functional changes possibly through mitigating chronic alcohol intake-elicited autophagy which is dependent on mTOR-STAT3-Notch signalling. Our data revealed that chronic alcohol intake triggered cardiac geometric and contractile dysfunction including lessened LV wall thickness and IV septal thickness, enlarged LV systolic and diastolic diameters, reduced fractional shortening, cardiomyocyte peak shortening, ϮdL/dt and prolonged TR90. These findings are consistent with the previous findings of myopathic alteration following alcohol intake featured by compromised myocardial contractility [5, 20, 21] . Several hypotheses have been put forward with regards to chronic alcohol intake-induced cardiac anomalies including lipid peroxidation, oxidative damage [2] , mitochondrial dysfunction [5] and altered membrane properties [22] . Although earlier findings from our lab demonstrated that overexpression of ALDH2 alleviates alcohol and acetaldehyde-induced cell injury both in vivo and in vitro [3, 5, 23] , little is known with regard to the precise mechanism involved in ALDH2-offered protection against alcohol intake. Data from our present study revealed that ALDH2 overexpression counteracts cardiac geometric and functional anomalies following chronic alcohol exposure possibly related to regulation of autophagy, as supported by the autophagic markers. Chronic alcohol intake triggered autophagic responses in FVB and ALDH2 mice (LC3BII or LC3B isozyme ratio) in parallel with cardiac geometric and contractile responses. Beclin-1 is considered a marker for autophagy happening rather early on in autophagic pathway [24] . Our negative finding of Beclin-1 following chronic alcohol consumption in FVB and ALDH2 mice suggested a Beclin-1-independent mechanism in our current experimental setting.
Akt and AMPK are essential regulators of autophagy, survival, energy metabolism and contractile properties in the heart [25] [26] [27] . Our earlier study noted that acute ethanol exposure-induced cardiomyocyte contractile dysfunction is associated with a reduced Akt activity whereas an enhanced AMPK activation [27, 28] . Interestingly, data from this study revealed dampened phosphorylation of both Akt and AMPK along with facilitated autophagy in conjunction with cardiac contractile dysfunction following chronic alcohol intake, the effect of which was reconciled by ALDH2 transgene. It is quite possible that such discrepancy in AMPK signalling may be related to the difference in experimental settings (i.e. short versus chronic alcohol feeding). Given that activation of AMPK promotes whereas activation of Akt suppresses autophagy [8] , our data favour a pivotal role of Akt-rather than AMPK-dependent regulation of autophagy in alcohol and ALDH2 transgene-elicited myocardial responses. In an effort to elucidate the complex signalling cascade, the upstream regulators of autophagy, mTOR and STAT3, were also examined in our study and our observations were in line with the lessened Akt phosphorylation following chronic alcohol intake. Our results revealed that alcohol intakeinduced inhibition in phosphorylation of Akt, mTOR and STAT3 is restored by ALDH2 transgene. These observations favour the notion that overexpression of ALDH2 rescues alcohol intakeinduced geometric and contractile anomalies via inhibition of alcohol-induced autophagy dependent on the Akt-mTOR-STAT3 signalling. Nonetheless, given that AMPK may regulate mTOR and autophagy via an Akt-dependent mechanism [18, 29] , further study is warranted to understand the role of AMPK in alcoholelicited regulation of autophagy, and subsequently, changes in myocardial geometry and function.
Perhaps the most important finding from our present study is the down-regulated Notch signalling following alcohol intake and the obliteration of this effect by ALDH2 overexpression. Consistently, inhibition of Notch1 with the ␥-secretase inhibitor DAPT exaggerated ethanol exposure-induced cardiomyocyte contractile dysfunction, apoptosis and autophagy (LC3BII levels and LC3B isozyme ratio). These findings suggested a possible role of dampened Notch1 signalling in alcohol-induced contractile and autophagic anomalies. It is possible that ALDH2 may execute its cardioprotective role against alcoholic heart injury via restoring Notch signalling. This notion seems to be in line with the changes in mTOR and STAT3 signalling under both alcoholism and ALDH2 intervention as observed in our current study. In our hand, phosphorylation of mTOR and STAT3 was dampened by chronic alcohol intake in hearts from FVB mice, the effect of which was ablated by ALDH2 overexpression. mTOR complex 1 was shown to positively regulate Notch signalling through STAT3 in the regulation cell differentiation [12] . In addition, development of tumours as a result of hyperactive mTOR signalling is often associated with the aberrant high STAT3/Notch activity, whereas inhibition of Notch signalling extends survival [12] . Although a role of Notch has not been elucidated in the regulation of autophagy and alcoholic complications, the fact that the Notch pathway acts as a positive regulator of the PI3K/Akt/mTOR pathway favours its likely role in the regulation of autophagy and consequently cardiac function [30] . It is believed that Notch signalling may be of wider significance in the development, physiology and pathophysiology of the heart far beyond its originally identified cancer connection [12] . Last but not least, data from our in vitro study revealed that the Notch1 inhibitor DAPT exaggerated ethanol exposure-induced apoptosis and autophagy, suggesting a positive correlation between apoptosis and autophagy in cardiomyocytes following ethanol exposure. The interplay between apoptosis and autophagy is rather complex in the heart with damaged (apoptotic) cardiomyocytes exhibiting characteristics of autophagy in heart failure. However, it remains elusive whether autophagy is a sign of failing cardiomyocyte repair or is a suicidal pathway for the failing cardiomyocytes [31] .
In summary, findings from our current study have provided rather convincing evidence of the involvement of the mTOR-STAT3-Notch signalling in the alcoholic cardiac injury and more importantly, ALDH2 overexpression-offered protection against such injury. It is plausible to speculate that ALDH2 overexpression protects against cardiac mechanical defect and apoptosis following alcohol intake through preserved phosphorylation of mTOR-STAT3 and subsequently Notch signalling, leading to inhibition of autophagy induction and restored cardiac homeostasis. Further study is warranted to unveil the precise role of ALDH2, Notch signalling and autophagy in the maintenance of cardiac geometry and function under both normal and alcoholic conditions.
